Abstract: Near field generated by plasmonic structures has recently been proposed to trap small objects. We report the first integration of plasmonic trapping with microfluidics for lab-on-a-chip applications. A three-layer plasmo-microfluidic chip is used to demonstrate the trapping of polystyrene spheres and yeast cells. This technique enables cell immobilization without the complex optics required for conventional optical tweezers. The benefits of such devices are optical simplicity, low power consumption and compactness; they have great potential for implementing novel functionalities for advanced manipulations and analytics in lab-on-a-chip applications.
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Introduction
Optical tweezers were first proposed by Ashkin and his collaborators in 1970 [1] . Small objects are trapped in the middle of a tightly focused laser beam by the optical field gradient. In 1987 Ashkin reported the first manipulation of viruses and bacteria in a single laser gradient trap created with an Argon laser [2] . This technique, which offers a damage-free method for cell manipulation, has become extremely widespread in biology for example to study kinesin molecular movement [3] , for drug screening [4] , cell sorting [5] , investigating DNA mechanics [6] and so on.
While conventional tweezers rely on far field interactions, a new class of trapping experiments based on the near field has emerged over the last few years. In these experiments, the near field was generated in the form of an evanescent wave at the interface between two different media. The near field has been used to trap atoms [7] [8] [9] and to guide particles [10] [11] [12] [13] .
More recently, plasmonic nanostructures have entered the field of optical trapping, either as trapped particles or as trapping structures. Plasmon resonances represent resonant excitation of the free electrons in a metal and manifest either as localized modes in particles or delocalized modes in thin films [14] ; they can occur in the visible or near-infrared spectrum range in metals such as gold, silver, copper and aluminum. Since these modes produce very strong and localized electromagnetic fields, they have the potential of creating even stronger trapping potentials than a tightly focused laser beam. Furthermore, since the polarizability of plasmonic particles is extremely large, they can be easily trapped in a conventional optical tweezer. The latter effect has been studied in detail by several groups [15] [16] [17] [18] . On the other hand, the direct utilization of plasmonic nanostructures to trap dielectric or biological species has been demonstrated by a few groups [19] [20] [21] [22] [23] [24] . Finally, the combination of both techniques, i.e. the utilization of a plasmonic nanostructure to generate the trap and a plasmonic particle as trapped particle opens additional degrees of freedom related to the plasmonic properties of both systems [25] . The interaction mechanisms between a pair of plasmonic particles have also been studied by several groups [26] [27] [28] [29] [30] .
Compared to a conventional optical tweezer, trapping based on plasmonic nanostructures provides a significant improvement in that it does not require complicated optics to create the trap, which instead is simply generated by the near field of the plasmonic nanostructure. For this reason, plasmonic trapping can be easily integrated with microfluidics for lab-on-a-chip applications in order to produce novel chips with increased functionalities.
In this paper, we demonstrate such an integrated device and show for the first time how plasmonic nanostructures integrated in a microfluidic chip can be used to trap different types of dielectric structures, including living cells. The paper is organized in the following manner: in Sec. 2 we investigate numerically how a gold nanostructure can create a stable trap for a dielectric sphere; Sec. 3 describes the integration of this plasmonic structure into microfluidics; Sec. 4 demonstrates experimentally the trapping of dielectric spheres and yeast cells flowing into the microfluidic channel. A conclusion is given in Sec. 5.
Simulations
In order to gain insights into the trapping mechanisms associated with plasmonic nanostructures, we first compute the trapping potential created by a plasmonic nanostructure using the Green's tensor technique [31, 32] . The plasmonic structure is a gold disk with diameter 100 nm and thickness 40 nm (the data from Ref. [33] are used for the permittivity of the metal). For the trapped object, we first consider a dielectric sphere with diameter 10 nm and permittivity 2.25. The gold nanostructure is deposited on a dielectric substrate (permittivity 2.25) and illuminated with a planewave propagating along the y-direction under total internal reflection (incident angle 70 • ), as shown in Fig. 1(a) . Figure 1(b) shows the field distribution in an xy-plane 10 nm above the disk at the resonant illumination wavelength λ = 608 nm; the white circle represents the edge of the plasmonic nanostructure and serves as guide for the eye. A strong field enhancement at the edge of the disk, along the propagation direction of the illumination field can be observed. This highly localized field produces strong field gradients which generate a large trapping potential, as illustrated in Fig. 1(c) . This panel shows the vertical component (z-component) of the optical force in the observation plane. The optical force is computed from the electromagnetic field distribution using the dipolar approximation [26] . Figure 1(d) shows the transverse components (xy-components) of the optical force; they push the particle toward the center of the trap. Thus, the simulations indicate that these three components create a stable optical trap for the dielectric sphere. 
Optofluidic integration
Compared to conventional optical tweezers, plasmonic trapping does not require complex far field optics to create the trapping potential. The latter is simply generated by the near field associated with the plasmonic nanostructure. Hence the illumination used in the experiment is quite simple, as shown in Fig. 2 : a classical Kretschmann configuration is used where the optofluidic device is attached to the prism surface with an index matching gel (Thorlabs, G608N). The infrared (λ = 810 nm) laser light is coupled using an optical fibre into the system and excites the plasmon resonances of the gold disks. The illumination intensity on the substrate is estimated to be 10 −2 mW/μm 2 , which is much smaller than that used in Ref.
[23]. This setup is realized beneath a dark field optical microscope (Nikon OPTIPHOT 150) to observe the trapping phenomenon in reflection using white light illumination and cutting off the trapping wavelength with a filter. The microfluidic chip is made from PDMS (Silicone elastomer polydimethylsiloxane, Dow Corning GmbH) using the process of multilayer soft lithography [34, 35] . A relatively simple design is used here since the main functional requirement is control of the fluid speed across the plasmonic trapping structures. This chip consists of three layers, as indicated in Fig. 3 . The bottom layer represents the plasmonic substrate which includes metallic nanostructures fabricated with conventional photolithography and lift-off. Two disk diameters are investigated: 2 μm and 3 μm, requiring illumination at λ = 810 nm. The 40 nm-thick metal is deposited using Joule effect and includes a 3 nm thick chromium adhesion layer on the glass substrate. The quality of this substrate is checked using scanning electron microscope, as shown in Fig. 3(c) .
The intermediate flow layer is a thin PDMS layer (thickness approximately 100 μm) with embedded flow channels. The channel has a vaulted cross section with a maximum height of 15 μm and a width of 150 μm.
The control layer is also made of PDMS, with a thickness of approximately 3 mm. Control channels are embedded in the bottom of this layer and run in the directions normal to the flow channels. The control channels have a rectangular cross section (height 20 μm and width 150 μm). By controlling the pressure in the control channels, one can slow down or even stop the liquid flowing in the flow channels. Those control channels work as micro valves and allow for an accurate control of the flow speed. Closing these micro valves reduces the flow speed considerably, so that particles flowing in the channel can be trapped at the vicinity of the plasmonic nanostructures. Opening the micro valves allows to flush away the trapped specimen.
Results and discussion
Commercially available 2 μm and 3 μm diameter polystyrene spheres (Polysciences Inc.) are first used in the experiment. The spheres are suspended in deionized water and, to prevent aggregation, are sonicated in an ultrasonic bath for 20 minutes before the experiment. Figure 4 (a) (Media 1) shows that they are trapped by 2 μm sized gold disks. The first frame of this movie is shown in Fig. 4(a) . The regularly positioned structures are the plasmonic traps, while the randomly distributed particles are polystyrene spheres. Some of the gold disks appear very bright: these are the structures where spheres have already been trapped. The green rectangle in Fig. 4(a) indicates the main illumination region, which means that strong plasmonic traps are mainly excited on the disks located inside this region. Gold disks located in the rest of the image produce much weaker traps. The red circle in Fig. 4(a) indicates an area where passing spheres are trapped in the movie. Notice that the smaller spheres are much more easily trapped than the large ones, illustrating the selectivity of plasmonic trapping [21] . As mentioned, the flow channel has a vaulted cross section; therefore its side walls appear as two out-of-focus horizontal lines in all the recorded images. In Fig. 4 (a) (Media 1), the polystyrene spheres flow quite slowly from right to left in the channel since the flow is controlled by the micro valves. The spheres appear almost transparent when they are not trapped. When they pass close enough to the plasmonic gold disks, they become trapped, which makes them appear as bright spots. We believe that the spheres do not stick firmly on the gold surface since their Brownian motion is still visible [36, 37] . Trapped spheres can be easily flushed away by opening the micro valves, as shown in Fig. 4 (b) (Media 2) of which the first frame is shown in Fig. 4(b) . Here, the micro valves are first slightly opened causing the trapped spheres start to escape the disks. Once the valves open completely, the particles are flushed away rapidly and a new batch of particles can then be introduced and the experiment restarted. 
Conclusion
We have successfully demonstrated the integration of plasmonic traps with microfluidics and used it to trap different dielectric systems, including living cells. The benefit of such a device are optical simplicity, low power consumption and compactness. Plasmonic trapping has great potential for implementing novel functionalities for advanced manipulations and analytics in lab-on-a-chip applications. Finally, the trivial optics required to activate plasmonic traps will allow implementing sophisticated optical manipulations in cheap, disposable chips for pointof-care applications.
